Abstract
years. This diversity may be adapted for ultraviolet radiation and shaped by natural selection. 23
Previous studies detected selection signals in several human pigmentation genes, but few 24 studies have examined how multiple genes contributed to the evolution of human 25 pigmentation. Moreover, none has quantified selective pressures on human pigmentation over 26 epochs and between populations. Here, we dissect changes and differences of selective 27 pressures during different periods and between distinct populations with new approaches. We 28 propose a new model with multiple populations to estimate historical changes of selective 29 pressures by summarizing selective pressures on multiple genes. We collected genotype data 30 of 19 genes associated with human pigmentation from 15 datasets, and obtained data for 2498 31 individuals of five representative populations from worldwide. Our results reveal not only a 32 recent incremental change of selective pressure (13.32 × 10 -3 /generation) in modern 33
Europeans, but also a significant historical increase of selective pressure (14.60 × 34 methods, previous studies have aimed to understand the evolution of individual pigmentation 76 genes; however, few studies have examined how multiple genes contributed to the evolution 77 of human pigmentation. Moreover, none of these studies have quantitatively investigated the 78 historical selective pressures of pigmentation genes during different epochs, and compared the 79 differences of selective pressures between different populations. Therefore, it is necessary to 80 perform an extensive quantification of selective pressures on human pigmentation using a 81 creative approach. 82
New Approaches

83
On the basis of a previous study ( 
88 where p and q are the frequencies of derived and ancestral alleles in a population, respectively; 89 and t ij is the divergence time of the populations i and j. Details of the calculations are 90 described elsewhere (He et al. 2015) . 91
We then extended Eq. 1 to summarize selection differences of multiple SNPs, because a 92 complex trait is usually affected by multiple loci. For a trait with n SNPs in linkage 93 equilibrium, the expectation and variance of the total selection difference in this trait is 94
5 history of five representative human populations as a binary tree (Fig. 1) . Let s 0 denote the 98 selection coefficient of the population in the root. We can express the selection coefficients of 99 populations in the different branches using s 0 plus some selection (coefficient) changes (c i in 100 Fig. 1 ). We further assumed 80 ss  , because modern humans may originated in East Africa.
101
Thus, populations r and x may have had a similar environment, and the selective pressures 102 between them did not change much. We can represent the selection differences of all the 103 paired populations in Fig. 1 as 104 ), suggesting that human 152 pigmentation diversity may be explained by different strengths of selective pressures among 153
populations. 154
We then solved the linear system (Eq. 4) with the estimated selection differences on 155 human pigmentation (Table 1) , and estimated the variances of the optimal solution (Eq. 5 and 156
Supplementary Table S3 ). The optimal solution ( with the lower skin reflectance in East Asians compared with Europeans (Fig. 2) . A microbial2011), and used the optimal solution to calculate selective pressures as parameters for each 175 period (Materials and Methods). The simulated selection differences are close to the data, and 176 are little affected by the initial frequency of the beneficial allele ( Supplementary Fig. S6 ). 177
Selection differences between populations 178
We also separately quantified selection differences of the 42 selected candidate SNPs 179 associated with human pigmentation (Supplementary Table S1 ) to explore selection patterns 180 of individual loci. Statistical tests suggest selective pressures in many loci differed 181 significantly between populations. Based on the selection patterns of these SNPs, we 182 categorized them into five groups (Fig. 4) . 183
In the first group, derived alleles may be affected by Eurasian-shared selection (Fig. 4A) . 184
This result is consistent with the observation that reduced pigmentation occurred in Eurasians. 185
Here, we observed significant selection differences in ASIP, MC1R, and DDB1 between 186
Eurasians and Africans (Table 4 and Supplementary Table S2) . Among these SNPs, rs6119471 187 (ASIP) had the largest selection difference between Eurasians and Africans (Table 4) . The 188 derived allele of rs6119471 (ASIP) is almost fixed across Eurasians, but maintains a low 189 frequency in Africans ( Supplementary Fig. S2 ). Recent studies applied this SNP to predict 190 dark/non-dark pigmentation phenotype in humans (Spichenok et al. 2011 ). This may be due to 191 different selective pressures on this SNP among populations. Other SNPs, such as rs642742 192 (KITLG) and rs10756819 (BNC2), exhibited non-significant differences, suggesting that 193 selection may contribute less to the diversity of these SNPs. 194
In the second group, derived alleles may be affected by African-specific selection ( The third and fourth groups display European-and Asian-specific selection, respectively 207 ( Fig. 4C and 4D ). One notable SNP is rs1426654 (SLC24A5), which has the largest selection 208 difference between Europeans and East Asians in our study (4.795 × 10 The last group includes the five remaining SNPs (Fig. 4E) , which exhibit specific 221 selection differences between limited population pairs. Among them, the derived allele of 222 rs1800401 (OCA2) and the ancestral allele of rs12896399 (SLC24A4) are both associated with 223 dark pigmentation (Supplementary Table S2 ). Only rs12896399 (SLC24A4) differs 224 significantly between West Africans and Eurasians (Supplementary Table S2 ). This may be a 225 selection signal associated with dark pigmentation in West Africans, again indicating possible 226 genetic diversity within African populations. We note that rs35264875 (TPCN2) and 227 rs12821256 (KITLG) might be affected by selection in both East Africans and Europeans. 228
Recent study showed that rs12821256 might have large effect on the skin pigmentation in 229 We note that our investigation has several limitations. First, our model is based on the 276 infinite population size model. The limited sample size would affect our results. Analysis of a 277 larger sample size could improve our estimate, as more and more genomic datasets become 278 available. Second, although we chose the solution that deviates least from neutral evolution as 279 the optimal solution, we cannot exclude the possibility of other solutions. This reflects the 280 difficulty of analyzing historical selective pressures, which is a well-recognized challenge in 281 population genetics (Crow and Kimura 2009). Our solution provides a first step toward 282 resolving the historical changes of selection in the evolution of human pigmentation. This 283 solution may be improved by combining both ancient and modern human genetic data, as well 284 as by using a Bayesian framework for inference. Third, our results may be affected by a 285 severe bottleneck. A recent study (Terhorst et al. 2017) suggests a more severe Out-of-Africa 286 bottleneck in human evolutionary history than in the model used in our simulation. This 287 would probably reduce the selection differences between Eurasians and Africans, leading to 288 an underestimation of the selection changes. Finally, our results may also be affected by12 population migration and sub-structure. We applied two approaches to reduce these effects. 290
One is that we used knowledge from previous studies, principle component analysis and F 3 291
test to rigorously prune potential admixed populations (Materials and Methods). The other is 292
that we demonstrated that our estimate provides lower bounds of selection differences on 293 human pigmentation when migration or sub-structure exists (Supplementary Text S2) . Table S4 and S5) . 313
Materials and Methods
306
Data collection 307
Data preparation 314
All the genotype data were transferred to genomic coordinates using NCBI dbSNP (build 144) 315 Table S11 ). PCA plots (Supplementary Fig. S1 ) showed that these 2498 333 individuals were properly separated into different population groups. 334
Data imputation 335
Genotypes of 19 human pigmentation genes with 500-kb flanking sequences on both sides 336 were obtained from the genotype datasets. Haplotype inference and genotype imputation were 337 performed on the selected genotypes using BEAGLE 4.1 (Browning SR and Browning BL 338 2007; Browning BL and Browing SR 2016) with 1000 Genomes phase 3 haplotypes as the 339 reference panel (Supplementary Table S12 ). During phasing and imputation, the effective 340 population size was assumed to be 10,000 (N e = 10000), and the other parameters were set to 341 the default values. Fifty-two SNPs were selected for analysis due to their association with 342 human pigmentation in published genome-wide association studies or phenotype prediction 343 models (Supplementary Table S1 ). Ten SNPs (rs1110400, rs11547464, rs12203592, 344 rs1800407, rs1805005, rs1805006, rs1805007, rs1805008, rs1805009, rs74653330) were 345 removed because of their low frequencies in our datasets after imputation ( Supplementary Fig.  346 S2). Because rs12203592 (IRF4) was removed, 18 genes with the remaining 42 SNPs were 347 used for further analysis. rs3829241, rs1042602, rs1393350, rs642742, rs12821256, rs1407995, rs12896399,  355   rs2402130, rs1800414, rs1800401, rs12913832, rs1426654, rs2228479, rs885479,  356 rs56203814, rs6510760, rs6119471, rs2378249. To dissect selection changes over epochs, we 357 applied Eq. 4 with the total selection differences from the selected 25 SNPs and the 358 divergence times shown in Fig. 1 . 359
Reproducing the observed selection differences from the optimal solution 360
We used SLiM 2 (Haller and Messer 2017) to simulate a demographic model of human 361 evolution ( Supplementary Fig. S5 ) to examine whether the optimal solution could reproduce 362 the observed selection differences. We assumed s 0 = 0, and varied the initial frequency of the 363 beneficial allele with 0.001 and 0.01. We divided the optimal solution (Table 4 ) by 25 to 364 obtain the average selection changes for each SNP, because we used 25 SNPs to estimate the 365 total selection differences on human pigmentation. We determined the selection coefficients 366 during different periods in SLiM 2 based on these average selection changes (Supplementary 367 Text S3). We used the effective population size of each population estimated by a previous 368 study ( McEvoy et al. 2011 ). We set both the mutation rate and the recombination rate to 1 × 369 10 -8 /generation/site. In each run, we simulated a fragment with 10 6 base pairs, and set the 370 50,000th site under selection. We repeated each set of parameters more than 10,000 times, and 371 analyzed those results in which beneficial alleles were not fixed or lost in all the populations. 372
We compared the average selection differences from simulation with the observed selection 373 differences ( Supplementary Fig. S6 ). All the simulations were performed in Digital Ocean 374 
Skin reflectance data 386
We selected skin reflectance data at 685 nm based on a previous study (Jablonski and Chaplin 387 2000) and calculated their pairwise differences. We used five populations: Yoruba (27.4, n = 388
3), Ethiopian (32.6, n = 4), German (66.9, n = 1), Ainu (59.1, n = 2), and Chinese (58.8, n = 2) 389 to represent West Africans, East Africans, Europeans, North Asians and East Asians in our 390 study, respectively. 391 We calculated skin reflectance differences at 685 nm between populations. White color 635 (positive numbers) indicates that skin reflectance of populations in rows are larger than those 636 in columns; black color (negative numbers) indicates that skin reflectance of populations in 637 rows are smaller than those in columns. We observed similar patterns of total selection 638 differences on human pigmentation and skin reflectance differences, suggesting that our 639 statistic (Eq. 2) may well represent human pigmentation diversity. Populations are abbreviated 640 as follows: WAF, West Africans; EAF, East Africans; EUR, Europeans; NAS, North Asians; 641 EAS, East Asians. 642 
